Enterobactin (33) , also known as enterochelin (30) , is the catecholate-type siderophore of Escherichia coli and of several other bacteria. Enterobactin, a cyclic triester of 2,3-dihydroxybenzoylserine (DHBS), is one of the most effective ferric iron chelating compounds known (1, 36) . While the molecular processes involved in ferric enterobactin uptake by TonB-energized outer membrane receptor proteins such as FepA (recently reviewed in reference 15) were studied exhaustively over the last decades, a mechanism for enterobactin efflux across the cytoplasmic membrane was discovered only recently. EntS (the ybdA gene product) (5) , a member of the vast major facilitator superfamily (MFS) of membrane-bound transporters, was shown to be necessary for effective enterobactin export in E. coli (9) . Cells with entS deleted excreted very little enterobactin into the surrounding medium, but degradation products of enterobactin were released into supernatants. Since those degradation products are themselves efficient siderophores and were still exported, strains lacking entS suffered no iron depletion (9) .
Because enterobactin is too big to diffuse freely through the porins of the outer membrane, transport from the periplasm to the outside has to be accomplished by another still unknown transport system. Previously, we and others (18, 20, 26, 27) could demonstrate that transport systems of the resistance nodulation cell division (RND) type (38) may transport their substrates from the periplasm (or from the cytoplasmic membrane in the case of hydrophobic substances) rather than from the cytoplasm to the outside. At least for copper and cobalt, we provided evidence that efflux is probably a two-step process involving a transporter of the cytoplasmic membrane and a resistance nodulation cell division protein complex for detoxification of the periplasmic metal cations (23, 37) .
Resistance nodulation cell division proteins are typical transporters of gram-negative bacteria and function as a huge protein complex spanning from the cytoplasmic membrane to the outer membrane. These protein complexes are composed of an RND protein, a membrane fusion protein (MFP), and an outer membrane channel tunnel protein (17) , also termed outer membrane factor (32) . Recently, the complete threedimensional structure of the whole efflux complex MexABOprM was assembled (14) . Resistance nodulation cell divisiontype transport complexes transport a very broad variety of substances, including antibiotics, dyes, detergents, or heavy metal cations (24, 25) . Thus, this would make resistance nodulation cell division complexes ideal candidates for enterobactin export from the periplasm to the outside.
While there are seven resistance nodulation cell division transport proteins in E. coli (AcrB, AcrD, AcrF, MdtB [YegN], MdtC [YegO], MdtF [YhiV] , and CusA [YbdE] ) and a plethora of known and putative membrane fusion proteins, only two outer membrane factors, TolC (43) and CusC, have been shown to be involved in efflux in E. coli. CusC is the exclusive outer membrane channel tunnel protein for the Cus system (8) . The CusC(F)BA transporter was shown to be responsible for copper efflux, probably from the periplasm, and contributes some resistance to the antibiotic fosfomycin (28) . The cus determinant is located near the enterobactin biosynthesis gene cluster on the chromosome and was initially annotated as a putative iron transport system (accession no. BAB34036).
The second outer membrane channel tunnel protein of E.
coli, TolC, is needed for transport mediated by the other six resistance nodulation cell division transporters (28) but not for Cus (8) . In order to identify the transporter responsible for periplasmic enterobactin efflux, tolC or all seven resistance nodulation cell division genes, respectively, were deleted from the chromosome of E. coli, and their effects on enterobactin excretion were determined. This demonstrated that the outer membrane factor TolC was necessary for enterobactin export beyond the outer membrane.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli strains were grown in LuriaBertani (LB) medium or Tris-buffered mineral salts medium (22) with or without iron, containing 2 ml glycerol and 3 g Casamino Acids per liter. The strains used in this study are listed in Table 1 . Antibiotics (chloramphenicol, 15 to 20 g/ml; kanamycin, 25 g/ml), FeCl 3 , or 2,2Ј-dipyridyl (DIP) were added where appropriate. Cellular dry weights were determined by conversion of absorbances at 600 nm from a previously derived calibration curve of dried cells (11) .
Genetic techniques. Standard molecular genetic techniques were used (39) . PCR was performed with Taq, Pwo, or Tgo DNA polymerase (Roche, Mannheim, Germany).
Gene deletions. Genes were deleted by the insertion of Cam r or Kan r cassettes, employing a protocol developed in the laboratory of B. Wanner which is based on the Red-recombinase system, as described previously (6) . Initial deletions comprising a chloramphenicol (cat) or kanamycin (kan) resistance cassette were transduced by general transduction with phage P1 into E. coli strain W3110. Multiple deletions were constructed by elimination of the respective resistance cassette (6) and subsequent general phage P1 transduction.
Extraction of enterobactin and its degradation products. E. coli ⌬fur derivatives are deregulated in enterobactin biosynthesis (40) , which leads to overexpression and secretion of enterobactin. Overnight cultures of ⌬fur strains grown in LB broth were diluted 1:400 into Tris minimal medium and grown overnight at 37°C with shaking. Cultures were diluted 1:1,000 into Tris minimal medium without iron, and after 16 h of growth (dry weight of approximately 0.1 mg/ml), cells were separated from the growth medium by centrifugation (two times at 7,650 ϫ g at 4°C for 15 min). Supernatants were acidified with 50 l 37% HCl per 10 ml and extracted at 4°C twice with 1.5 ml ethyl acetate. After centrifugation (2 min, 7,650 ϫ g, 4°C), the ethyl acetate phase was evaporated. Dried residues were resuspended in 150 l methanol and used immediately for high-performance liquid chromatography (HPLC) analysis.
RNA isolation and preparation of cDNA. E. coli wild-type (W3110) cells were inoculated either with 25 M 2Ј2Ј-dipyridyl or with 100 M FeCl 3 in Tris minimal medium and harvested at 100 Klett units at the early logarithmic growth phase. At this DIP concentration, growth was not affected. Total RNA was isolated as described previously (13) . After RNA isolation, DNase treatment was performed with 1 U RQ1 RNase-free DNase (Promega GmbH, Mannheim, Germany) per 10 g RNA followed by purification with RNeasy columns (QIA-GEN, Hilden, Germany). To exclude experimental artifacts resulting from DNA contaminations, only RNA preparation were used that did not generate PCR fragments in a PCR performed in the same PCR cycler used for real-time PCR with chromosomal primers without a previously performed reverse transcription (RT) reaction. RNA concentration was determined photometrically, and RNA quality was checked on formamide gels (39) . In an RT reaction, 2 g of total RNA was transcribed in a 20-l reaction mixture using 0.1 g hexamer primers, 0.25 mM each of dATP, dGTP, dTTP and dCTP, 10 mM dithiothreitol, and 200 U reverse transcriptase (Superscript II) in reaction buffer (Invitrogen, Karlsruhe, Germany). Primers and RNA were heated to 65°C for 5 min and snap-cooled on ice. Reverse transcription proceeded for 10 min at room temperature, followed by 1 h at 42°C. To inactivate the remaining transcriptase, the reaction mixture was incubated for 15 min at 70°C.
qRT-PCR. For quantitative real-time RT-PCR (qRT-PCR), duplicate reactions with 1 l of template cDNA, 5 pmol primers, and the QuantiTect SYBR Green PCR kit (QIAGEN, Hilden, Germany) were used. Details for PCR protocols and primer sequences are available on request. Fluorescence was measured at the end of each 72°C incubation and analyzed using Rotor-Gene software (version 4.6.94). Melting curve analyses (60 to 99°C, 1.0°C increments) were performed to ensure PCR specificity. For quantification, standard curves of cDNA dilutions (1:10 to 1:1,000) were performed as duplicates and a relative quantitation was done. As an endogenous control, 16S rRNA was used for normalization. The template cDNA for the endogenous control was diluted 1:10 to avoid saturation of fluorescence signals. A no-template control and a no-RT (negative) control were performed under identical conditions as for the target genes. Expression ratios were obtained by dividing normalized expression levels of iron-depleted (2,2Ј-dipyridyl) cells by iron-replete cells of E. coli wild-type strain W3110. An average of sextuplicates of expression levels from two independent biological samples was calculated.
HPLC analysis. Standards of enterobactin and its degradation products were obtained from EMC Microcollections GmbH (Tübingen, Germany). Reversephase (RP)-HPLC analysis was carried out on a Nucleosil-300 column (C 18 , 4 ϫ 250 mm, 5 m; Knauer, Berlin, Germany) using a Merck-Hitachi (Darmstadt, Germany) LaChrom system containing a D-7000 interface, an L-7100 pump, an L-7200 autosampler, and a D-7450 diode array detector. Mobile phases consisted of 0.075% (vol/vol) trifluoroacetic acid in H 2 O (pH 2, phase A) and acetonitrile (phase B). The flow rate was adjusted to 1 ml min Ϫ1 , and 10 l of each supernatant extraction was injected and separated as described by the manufacturer of the standard. Spectral data (220 to 400 nm) were collected each 4 ms during the 
RESULTS
Expression of resistance nodulation cell division transporter genes and of tolC in response to iron availability. To investigate whether iron deprivation results in increased expression of resistance nodulation cell division transporter genes or tolC, all seven genes for resistance nodulation cell division transporters and for tolC were analyzed using quantitative real-time RT-PCR. DIP was used as an iron-specific chelator to induce iron deficiency, and FeCl 3 was used for iron repletion. As an endogenous control, expression of 16S rRNA was used for normalization of all transcript levels ( Table 2) . For the gene-specific transcripts of acrB, cusA, mdtB, mdtC, and tolC, no significant change in expression in response to iron availability was determined (Table 2) . Iron depletion led to a threefold decrease in transcript levels of the acrD gene, whereas mdtF showed a threefold increase in expression. For comparison, two examples of iron deprivation-induced genes, fepA and entC, encoding the outer membrane ferric enterobactin receptor and isochorismate synthase 2, respectively, were also examined. Both genes were highly expressed under iron starvation (fepA, 81-fold; entC, 336-fold; Table 2 ), mirroring the participation of EntC and FepA in iron homeostasis. Of the RND genes, only acrD (2.8-fold down-regulated under iron starvation) and mdtF (3.3-fold up-regulated) were iron responsive, but on a much lower level than entC or fepA ( Table 2) .
Deletion only of tolC but of neither resistance nodulation cell division gene results in impaired growth of E. coli mutants under iron-depleted conditions. Growth of E. coli mutant strains with additional deletion of tolC, entS, or the resistance nodulation cell division genes acrB, acrD, acrF, mdtBC, mdtF, and cusA was investigated under iron-depleted conditions. E. coli strain ECA272, with deletions of the most important iron uptake systems fecABCDE, mntH, zupT, feoABC, and entC (encoding isochorismate-synthase 2, EntC, necessary for enterobactin biosynthesis), was retarded in growth in the presence or absence of iron (10) (Fig. 1, negative control) . Recently, it was shown that ZupT and MntH are additional (ferrous) iron transporters in E. coli (10, 21) ; therefore, the respective genes were also deleted in addition to the genes involved in supplying E. coli with ferrous iron, ferric citrate, or ferric enterobactin. The gene for the magnesium uptake transporter CorA of E. coli was not deleted because recently it was convincingly shown that CorA is not involved in iron uptake (31) .
Strain ECA263 with deletion of only feoABC, fecABCDE, mntH, and zupT, but not of entC, is able to synthesize and export enterobactin, but the other iron uptake systems are inactivated. Consequently, it can utilize iron even in the presence of iron chelators due to the higher affinity of enterobactin and its linear degradation products toward iron (Fig. 1, positive  control) . This strain was useful to investigate siderophore export when additional genes were deleted.
Resistance nodulation cell division-driven efflux complexes require a channel tunnel protein within the outer membrane for transport of substrates across the outer membrane. If resistance nodulation cell division proteins are responsible for periplasmic export of this siderophore, deletion of the genes for the channel tunnel protein TolC or the second channel tunnel protein, CusC, from E. coli should therefore lead to decreased export of enterobactin. Diminished excretion of enterobactin would accordingly result in loss of one of the major cellular iron acquisition systems.
For comparison, the gene tonB or entS was also deleted. Strains with deletion of tonB secrete enterobactin but are unable to take up ferric enterobactin since the FepA, Cir, and Fiu receptors are no longer energized through TonB (42) . Consequently, strain ECA296 (⌬tonB::cat ⌬fecABCDE ⌬mntH ⌬zupT ⌬feoABC) was only able to grow when iron was added to cultures (Fig. 1) . Almost no growth was observed when ................................................................................. 0.99 Ϯ 0.04  acrB .................................................................................. 0.83 Ϯ 0.18  acrD .................................................................................. 0.35 Ϯ 0.10  acrF................................................................................... 0.65 Ϯ 0.09  mdtB ................................................................................. 0.97 Ϯ 0.28  mdtC ................................................................................. 0.96 Ϯ 0.16  mdtF ............................................................................ either no additional iron was present or iron was depleted by DIP. Mutants of the major facilitator gene entS were previously shown to secrete only a little enterobactin but were not growth impaired (9) . When entS was deleted in strain ECA271 (⌬fecABCDE ⌬mntH ⌬zupT ⌬feoABC), growth of this strain was indistinguishable from that of the positive control parental strain ECA263 under the conditions tested (Fig. 1) . Conversely, deletion of the tolC gene in this strain (leading to strain ECA264) resulted in diminished growth in the presence of the iron chelator DIP (Fig. 1) . In contrast, deletion of the cus determinant that codes for another channel tunnel protein, CusC, did not influence growth in the presence of DIP (Fig. 1) . This indicated that TolC but not CusC might be involved in periplasmic enterobactin efflux. Thus, in the presence of DIP, export of enterobactin across the outer membrane by TolC was the limiting step for growth rather than enterobactin transport across the cytoplasmic membrane by the MFS protein EntS.
Since only the tolC deletion strain showed an iron-dependent phenotype and resistance nodulation cell division transporters AcrB, AcrD, AcrF, MdtB, MdtC, and MdtF only function in cooperation with TolC, the respective resistance nodulation cell division-encoding genes were deleted from E. coli strain ECA263 (⌬fecABCDE ⌬mntH ⌬zupT ⌬feoABC). When growth of the resulting six mutant strains was investigated under low-and high-iron conditions, unexpectedly, deletion of none of the resistance nodulation cell division genes resulted in a similar growth defect as observed for the tolC mutant strain (Fig. 1) .
Thus, Cus is not responsible for enterobactin transport, but TolC might partake in enterobactin efflux. However, the TolCdependent efflux probably does not involve one of the resistance nodulation cell division transporters (AcrB, AcrD, AcrF, MdtB, MdtC, or MdtF) alone.
Growth of a tolC deletion strain in the presence of 2,2-dipyridyl. Strains with tolC (ECA272) or entS (ECA271) deleted were analyzed in dose-response experiments. Increasing concentrations of DIP were used in these experiments to increase iron depletion. This should yield information on how effective the remaining siderophore export machinery in the respective strains was.
The negative control strain ECA272 (⌬entC ⌬fecABCDE ⌬mntH ⌬zupT ⌬feoABC) was unable to produce any enterobactin and did not grow even with very small amounts of DIP added. Growth was completely inhibited at 50 M DIP (Fig.  2) . Similarly, growth of the tolC mutant strain was severely affected at low DIP concentrations and completely inhibited at 100 M DIP. In contrast, the entS deletion strain exhibited a phenotype similar to that of the positive control strain ECA263 (⌬fecABCDE ⌬mntH ⌬zupT ⌬feoABC), and the dry weight after 16 h of growth was only a little reduced over the full span of DIP concentrations used (Fig. 2) . The MIC of strain ECA264 (⌬tolC) was only 50% of that of strain ECA271 (⌬entS) or the positive control strain, ECA263. This also suggested that TolC was important for siderophore export across the outer membrane.
RP-HPLC analysis of enterobactin and its degradation products excreted by E. coli mutant strains. To investigate whether strains with deletion of tolC or resistance nodulation cell division genes differ in their ability to release enterobactin or its degradation products, HPLC was performed. Strains with fur deleted, which encodes the global regulator of iron homeostasis, were used throughout. Deletion of fur resulted in constitutive production of enterobactin; thus, all strains investigated should produce similar basal enterobactin levels. The growth yields of all strains were comparable at approximately 0.1 mg/ml dry weight.
E. coli strains with fur cus, fur acrB fur acrD, fur acrF, fur mdtBC, or fur mdtF deleted, respectively, secreted enterobactin and oligomers of DHBS to a similar extent as a ⌬fur singledeletion parent strain that served as the positive control (Fig.  3) . In contrast, deletion of entC, entS, mdtBC, or tolC from the ⌬fur mutant strain led to different patterns (Fig. 3) . Since the ⌬fur ⌬entC strain had deletion of the entC gene, required for enterobactin synthesis, it could not produce any enterobactin or DHBS oligomers. Consequently, these substances did not appear in the growth medium (Fig. 3) , allowing usage of the ⌬fur ⌬entC strain as a negative control in this HPLC analysis. We also tried to investigate a fur tonB double-deletion strain. This ⌬fur ⌬tonB strain was not able to take up ferric enterobactin and is at the same time deregulated for enterobactin biosynthesis. However, this strain reached only one-third of the dry weight value of all other strains (data not shown) and was therefore omitted from HPLC analysis.
As published previously (9), the strain with entS deleted excretes only minor amounts of enterobactin but larger amounts of DHBS and its di-and triester. The concentration of monomeric DHBS was appreciably higher, though, than that of the ⌬fur parent strain. Conversely, the strain with fur and tolC deleted did not export detectable amounts of enterobactin. However, the amounts of DHBS and its oligomers excreted by the ⌬fur ⌬tolC mutant cells into the growth medium were similar to those produced by the ⌬fur parent strain (Fig. 3) .
The strain with mdtBC deleted was found to excrete tryptophan in larger amounts than all other strains, while the pattern of siderophore excretion is very similar to that of the other RND gene deletion strains. The reason for this remains unknown.
Taken together, (i) lack of TolC resulted in specific absence FIG. 2. Dose-response curves of E. coli mutants under iron limitation. Cultures were grown as described for Fig. 1 , except increasing concentrations of DIP were added to induce iron depletion. E. coli strains were derivatives of ECA263 (⌬fecABCDE ⌬feoABC ⌬mntH ⌬zupT) (■) with additional deletion of tolC (F), entS (OE), or entC (ᮀ). Shown are the averages and standard deviations of three independent experiments. of excreted enterobactin, while DHBS oligomers were slightly increased; (ii) deletion of the MFS-encoding gene entS led to a diminished concentration of enterobactin and DHBS triester but to an increase of monomeric DHBS; and (iii) deletion of mdtBC from the genome of a ⌬fur mutant strain led to no change in excretion of enterobactin or DHBS derivatives but did lead to increased production of tryptophan. This indicated that EntS and TolC are required for export of enterobactin into the growth medium, but they have different effects on release of these various compounds.
DISCUSSION
More than a decade ago, it was suggested that pyoverdine, the major siderophore of Pseudomonas aeruginosa, is exported by the MexA-MexB-OprK resistance nodulation cell division complex and it was speculated that AcrA and AcrB of E. coli were involved in the secretion of enterobactin and/or its metabolites (35) . Also, in the study on the major facilitator of E. coli, EntS, which is involved in transport of enterobactin across the cytoplasmic membrane (9), it was postulated that AcrAB or the major facilitator EmrB and its associated membrane fusion protein, EmrA (19) , might pump out excess enterobactin under stress conditions. These authors recognized TolC as the Achilles' heel of transenvelope efflux (38) , since a variety of exporters share TolC as the outer membrane channel tunnel protein of an energy-driven efflux complex. Thus, deletion of the tolC gene is an ideal access point for dissecting enterobactin export from the periplasm. Since TolC is utilized by several resistance nodulation cell division proteins, deletion of the tolC gene would render all of these systems nonfunctional.
Resistance nodulation cell division pumps are involved in efflux of antibiotics or heavy metal cations, and the export goes probably from the periplasm directly into the growth medium surrounding the cell (18, 20, 26, 27) . Consequently, resistance nodulation cell division proteins might also be required for excretion of siderophores. Three further observations pointed in this direction. First, in Acinetobacter baumannii 8399, a gene for a resistance nodulation cell division transporter related to MexB from P. aeruginosa or AcrB and an EntS ortholog were found to be part of the bacterium's locus for siderophore biosynthesis and transport (7) . Second, mutants of P. aeruginosa defective in mexA-mexB-oprK showed a decreased ability to grow in the presence of the iron chelator 2,2Ј-dipyridyl (34) , marking this transenvelope efflux system as a likely candidate for siderophore export. Third, the cusA (ybdE) gene of E. coli was initially and misleadingly annotated as an iron efflux system (accession no. BAB34036) and is located close to entS (ybdA) (5) on the chromosome. This genetic arrangement is somewhat reminiscent of the situation in A. baumanii 8399 (7).
This study, however, suggests that for enterobactin efflux TolC does probably not interact with one RND transporter alone when it comes to enterobactin export. It cannot be completely ruled out that several RNDs together contribute to enterobactin efflux and deletion of a single system can be compensated for by the others. However, neither the double deletion of the twin RND system mdtBC (Fig. 3) nor the deletion of the gene of AcrA, the membrane fusion protein partner of AcrB and AcrD, led to diminished enterobactin excretion (data not shown). Interaction of TolC with other transporters such as the ATP-driven ABC system MacAB (16, 19, 29) or the major facilitator drug efflux system EmrAB or EmrKY appears unlikely in the light that these transporters transport their substrates directly from the cytoplasm to the outside. Therefore, we agree with McIntosh and coworkers (9) that TolC may interact with an uncharacterized MFP and predict that an unknown MFS protein as part of an MFS-MFP- FIG. 3 . RP-HPLC analysis of enterobactin and its degradation products synthesized from several E. coli strains. Enterobactin and its degradation products were extracted from acidified supernatants from cultures of derivatives of E. coli strain GG199 (⌬fur::cat), with additional deletion of the indicated genes, grown overnight in minimal medium at 37°C for 16 h, and subjected to HPLC analysis. Shown are panels of individual chromatograms. Peaks of enterobactin (E) and its degradation products DHBS triester (T), DHBS diester (D), and DHBS (M), tryptophan (W), and the injection peak (S) from the standard are indicated. Values of a medium control were subtracted from all chromatograms. The concentration profile of the gradient of acetonitrile is indicated.
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TolC complex transports enterobactin from the cytoplasm to the outside. Contrary to the prediction (9) that deletion of the other components of the enterobactin efflux system would produce a phenotype almost identical to the entS mutation, introduction of a ⌬entS or a ⌬tolC mutation in the genome of a mutant strain that can use only enterobactin or its derivatives for iron acquisition led to different phenotypes ( Fig. 1 to 3 ). Since the tolC mutant was growth deficient and secreted no detectable amounts of enterobactin, EntS is probably not able to recruit a membrane fusion protein such as YhcQ or YiaY (9) to constitute an EntS-MFP-TolC tripartite transenvelope efflux system. If such a system exists, the entS and the tolC deletion mutant should exhibit a very similar phenotype, which was not the case. Thus, EntS is not identical to the hypothetical MFS protein of the suggested MFS-MFP-TolC enterobactin export pathway.
While the entS deletion strain still secreted some enterobactin, the tolC deletion strain did not. This is again evidence for the existence of a suggested MFS-MFP-TolC pathway that can compensate for a missing EntS. On the other hand it seems that TolC forms the only pathway for enterobactin to leave the periplasm to the outside. Since EntS probably transports enterobactin to the periplasm and might not interact with MFPs for further export and the suggested MFS-MFP-TolC pathway should export cytoplasmic substrates directly to the outside like other TolC-ABC-type or TolC-MFS-type efflux complexes, such as that for Mac or Emr (16, 19) , do, a second route may exist for export of cytoplasmic enterobactin to the periplasm.
So far, only RND-type efflux complexes have been discussed as being able to transport substrates from the periplasm to the outside. Therefore, to explain the data presented in this study, the existence of two enterobactin export pathways should be considered: an MFS-MFP-TolC efflux system for a one-step extrusion of enterobactin from the cytoplasm directly to the outside and a two-step export via EntS to the periplasm and further on via an RND-MFP-TolC pump also to the outside (Fig. 4) . A candidate for this RND protein is MdtF, since this is the only RND protein induced by iron starvation (Table 2) . However, involvement of this RND system in enterobactin export can only be investigated when the identity (and existence) of the hypothetical MFS protein has been uncovered.
Because the entS and the tolC mutants still secreted enterobactin breakdown products, other transporter(s) might be able to export dihydroxybenzoylserine and its di-or triester, which in turn serve as siderophores. Alternatively, the smaller degradation products might leave the cell through porins. In E. coli there are a plethora of uncharacterized genes encoding proteins of the major facilitator family present on the chromosome that could be accountable for the export of enterobactin or its degradation products across the cytoplasmic membrane.
While entS (positions 621187 to 622437 in the E. coli K-12 genome) is part of the enterobactin biosynthesis and transport gene cluster in E. coli and is thus regulated by iron deprivation (41), the gene for TolC that is carried elsewhere on the chromosome (positions 3177624 to 0.3179111 in the E. coli K-12 genome) was nonresponsive to iron availability. Previously, tolC and acrAB were identified as part of the mar-sox regulon that is involved in oxidative stress response (2, 3) . On the other hand, acrD or mdtF expression is not dependent on mar-sox and was altered by the iron status of the cells. For the time being, no explanation can be given for the observation that acrD is down-regulated threefold by iron.
Taken together, identification of TolC as being necessary for FIG. 4 . Proposed model of enterobactin transport in E. coli. After biosynthesis, enterobactin is translocated by the major facilitator EntS and to a lesser extent by other unknown mechanisms across the cytoplasmic membrane. There enterobactin is probably accepted by an efflux complex or complexes comprising the outer membrane factor TolC because for function TolC needs other transport proteins that are energized (e.g., by the proton motive force). After export by TolC, enterobactin scavenges ferric iron from the surrounding medium and is subsequently recognized and taken up as ferric enterobactin from the outer membrane receptor FepA, which is energized by the TonB/ExbB/ExbB machinery. FepB delivers ferric enterobactin from the periplasm to the ATP-driven membrane-bound ABC transporter FepCDEG. Within the cytoplasm, ferric enterobactin is degraded, aided by the Fes protein circumventing the high affinity of enterobactin toward iron, and the freed iron can be utilized.
enterobactin export beyond the outer membrane closed a gap in our knowledge about cellular iron acquisition by enterobactin. While the modes of uptake of ferric enterobactin and the pathways of enterobactin synthesis have been known for some time, the proteins required for enterobactin excretion had been unknown until now, and the crossing of the periplasm still is!
